Midbrain raphe nuclei provide strong serotonergic projections to the hippocampus, in which serotonin (5-HT) exerts differential effects mediated by multiple 5-HT receptor subtypes. The functional relevance of this diversity of information processing is poorly understood. Here we show that serotonin via 5-HT 1B heteroreceptors substantially reduces synaptic excitation of cholecystokinin-expressing interneurons in area CA1 of the rat hippocampus, in contrast to parvalbumin-expressing basket cells. The reduction is input specific, affecting only glutamatergic synaptic transmission originating from CA1 pyramidal cells. As a result, serotonin selectively decreases feedback inhibition via 5-HT 1B receptor activation and subsequently increases the integration time window for spike generation in CA1 pyramidal cells. Our data imply an important role for serotonergic modulation of GABAergic action in subcortical control of hippocampal output.
Introduction
Serotonin (5-HT) exerts numerous modulatory functions in the CNS in physiological conditions as well as in disease (Barnes and Sharp, 1999) . Compounds regulating the reuptake or the metabolism of serotonin are commonly used as therapeutics in neuropsychiatric diseases such as depression, anxiety disorders, and many others (Duman et al., 1997; Ressler and Nemeroff, 2000; Krishnan and Nestler, 2008) . A key role in regulating the release of serotonin is attributed to presynaptic serotonin 1A (5-HT 1A ) and serotonin 1B (5-HT 1B ) autoreceptors (Sari, 2004; Fink and Göthert, 2007) . Recently, it has been demonstrated that the dynamic modulation of 5-HT 1B receptor function is an important adaptation mechanism downstream of 5-HT reuptake inhibition by antidepressants (Svenningsson et al., 2006) . Despite evidence for involvement of 5-HT 1B receptor signaling in depression and other neuropsychiatric diseases, the precise role of the receptor in physiological conditions is unclear (Sari, 2004) . A better understanding of the location and the function of the 5-HT 1B receptor in cortical circuits is important to relate the receptors' mode of action to pathophysiological states.
GABAergic interneurons play a key role in the regulation of cortical networks, and serotonergic fibers from the raphe nuclei are known to project onto GABAergic interneurons in the hippocampus expressing the neuropetide cholecystokinin (CCK) and/or the calcium-binding protein calbindin (Freund et al., 1990; Cobb et al., 1995; McBain and Fisahn, 2001) . Different classes of CCK-positive interneurons have been identified, and a major class of CCK-positive interneurons are basket cells, providing, together with parvalbumin (PV)-positive basket cells, the main proportion of perisomatic inhibition on pyramidal cells (Pawelzik et al., 2002) . Because of their unique morphology, a key feature of perisomatic inhibitory cells is their ability to control the output and synchronize the action potential firing of their target cells (Miles et al., 1996) . Recently, it has been suggested that perisomatic inhibitory cells display a functional dichotomy: whereas PV-positive basket cells provide a highly reliable clockwork that generates network oscillations, CCK-positive basket cells might serve as modulators that adapt network activity to behavioral states (Freund and Katona, 2007) .
Here we show that serotonin activates presynaptic 5-HT 1B heteroreceptors in area CA1 of the hippocampus, thereby regulating glutamate release from excitatory inputs from CA1 pyramidal cells onto CCK-positive interneurons in a target-cellspecific manner, acting as a selective modulator of feedback inhibition in the hippocampus.
Materials and Methods
Ethics statement. Animal husbandry and experimental intervention was performed according to the German Animal Welfare Act and the European Council Directive 86/609/EEC regarding the protection of animals used for experimental and other scientific purposes. All animal maintenance and experiments were performed in accordance with the guidelines of local authorities (Berlin, Germany).
Preparation. Hippocampal slices were prepared from Wistar rats (P16 -P24; both sexes) as described previously (Schmitz et al., 2003) . In brief, the animals were anesthetized with isoflurane and decapitated, and the brains were removed. Tissue blocks containing the subicular area and hippocampus were mounted on a Vibratome (Leica VT1200) in a chamber filled with ice-cold artificial CSF (ACSF) containing the following (in mM): 87 NaCl, 75 sucrose, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgSO 4 , and 25 glucose, pH 7.4 (saturated with 95% O 2 , 5% CO 2 ). Transverse slices were cut at 300 -350 m thickness and were kept at 35°C for 30 min. Slices were then cooled to room temperature and transferred to ACSF containing the following (in mM): 119 NaCl, 26 NaHCO 3 , 10 glucose, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , and 1 NaH 2 PO 4 . All ACSF was equilibrated with 95% O 2 and 5% CO 2 . The slices were stored in a submerged chamber, in which they were kept for 1-7 h before being transferred to the recording chamber. In the recording chamber, slices were perfused with ACSF at a rate of 3-4 ml/min at room temperature.
Electrophysiology. Whole-cell recording electrodes were filled with the following (in mM): 135 K-gluconate, 10 HEPES, 2 Mg-ATP, 20 KCl, 0.2 EGTA, and 5 phosphocreatine. For EPSP-IPSP sequences, the following was used (in mM): 150 K-gluconate, 5 HEPES, 0.5 MgCl 2 , 1.1 EGTA 1.1, and 10 phosphocreatine, with pH adjusted to 7.3 with KOH. For staining and reconstruction of the recorded neurons, 0.2% biocytin was added to the intracellular solution. Excitatory postsynaptic responses were evoked by electrical stimulation (100 s at 0.1 Hz) in stratum radiatum of area CA1 via a broken patch pipette (ϳ15 m) filled with ACSF, in some experiments by alveus stimulation. Minimal stimulation was defined as follows: after establishing a synaptic input, the stimulus intensity was decreased until no synaptic response could be detected anymore, then the stimulus intensity was increased again slowly, until EPSCs of stable amplitudes and synaptic failures in an alternating manner appeared. For the minimal stimulation experiments, the average stimulation strength was 0.012 Ϯ 0.002 mA. Experiments were done in the presence of the GABA A receptor-antagonist gabazine (1 M) and 100 nM NBQX to prevent epileptiform activity and to minimize polysynaptic activity except when EPSP-IPSP sequences and monosynaptic IPSCs were measured. EPSP-IPSP sequences were performed in the presence of 25 M D-AP-5 and 10 M SCH50911 [(2S)-(ϩ)-5,5-Dimethyl-2-morpholineacetic acid], and monosynaptic IPSCs were performed in the presence of 25 M D-AP-5 and 10 M NBQX. Access resistances ranged between 9 and 28 M⍀ for interneurons and between 6 and 20 M⍀ for pyramidal cells. They were continuously monitored during the recording and were not allowed to vary Ͼ25% during the course of the experiment. No series resistance compensation was used. Electrode resistances ranged from 2 to 5 M⍀.
The intrinsic properties of cells were measured in whole-cell current-clamp mode. The resting membrane potential was estimated during the absence of a holding current, because recorded cells did not fire action potentials at rest. The input resistance was recorded in wholecell voltage-clamp mode. Only those recordings were included in the statistical analysis for input resistance measurements, in which the input resistance did not vary Ͼ10% during the baseline recording before drug application.
Serotonin sensitivity of interneurons was determined by the reduction of the EPSC amplitude after application of 10 M 5-HT. If the reduction of the EPSC amplitude was Ն30% of the baseline response and if this Figure 1 . Distinct modulation of glutamatergic transmission onto pyramidal cells and interneurons by 5-HT (V holding ϭ Ϫ60 mV). A, Schematic of the recording configuration (note that the single-cell recordings from the pyramidal cells and the interneurons were not done simultaneously in this set of experiments). A 1 , Top, Example traces of EPSCs in a CA1 pyramidal cell evoked by stimulation in stratum radiatum before and in 10 M 5-HT. Bottom, Time course of the measured EPSCs in the same cell. Calibration: 50 pA, 10 ms. A 2 , Top, Example traces of EPSCs in an interneuron evoked by stimulation in stratum radiatum before, in 10 M 5-HT, and after washout. Bottom, Time course of the measured EPSCs in the same cell. Calibration: 50 pA, 10 ms. B, Summary of the time course of normalized and binned (1 min) EPSC amplitudes for pyramidal cell recordings (filled circles; n ϭ 7) and 5-HTsensitive interneurons [open circles; n ϭ 18, selected from all 5-HT-sensitive interneurons (65.1%) of n ϭ 86 recorded interneurons]. Interneurons were included as serotonin sensitive if the reduction of the EPSC amplitude after application of 10 M 5-HT was Ն30% of the baseline response and if this reduction was reversible. Black bar indicates the application of 10 M 5-HT. C 1 , C 2 , Concentration dependency of 5-HT effect onto interneurons. C 1 , Top, Example traces of EPSCs in an interneuron evoked by stimulation in stratum radiatum before, in 0.3 M 5-HT, and after washout. Bottom, Time course of the measured EPSCs in the same cell. Black bar indicates application of 0.3 M 5-HT. Calibration: 50 pA, 10 ms). C 2 , Dose-response curve for 5-HT concentrations. Normalized EPSC amplitudes are plotted against logarithmic scaled 5-HT concentrations (0.1 M, n ϭ 3; 0.3 M, n ϭ 8; 1 M, n ϭ 9; 3 M, n ϭ 2; 10 M, n ϭ 31; and 30 M, n ϭ 3). [1, 2, 3, 
, and 4-methoxy-7-nitroindolinyl (MNI)-caged-L-glutamate (all from Tocris Bioscience). All drugs were bath applied.
Identification of interneurons. The identification of the CCK-positive interneurons and the PV-positive basket cells was based on morphology and immunohistochemistry (see below, Immunohistochemistry and neuroanatomy of interneurons). However, it is possible to selectively record from these distinct populations with a sufficient degree of confidence even before post hoc identification based on the position and shape of the cell body in stratum radiatum and pyramidale, the morphology of the dendrites visible by infrared differential interference contrast, and the electrophysiological characteristics in firing properties and input resistances Neu et al., 2007) . To characterize the discharge behavior of the cells, depolarizing current steps of 1000 ms duration were applied. Fast spiking interneurons displayed firing frequencies of 50 -120.5 Hz at room temperature (mean firing frequency, 75.4 Ϯ 5.0 Hz), whereas CCK-positive interneurons had a mean firing frequency of 11.1 Ϯ 1.0 Hz. However, the maximum firing frequency also depends on temperature and on the amount of current injected. The mean input resistance of fast-spiking interneurons was 165.2 Ϯ 11.3 M⍀, and the mean input resistance of CCKpositive interneurons was 302.8 Ϯ 17.6M⍀. CCK-positive interneurons were selected mainly in stratum radiatum and at the border of stratum radiatum/stratum pyramidale, and PV-positive interneurons were mainly selected at the border of stratum radiatum/stratum pyramidale and in stratum pyramidale.
Immunohistochemistry and neuroanatomy of interneurons. After recording, slices were transferred into a fixative solution containing 4% paraformaldehyde and 0.2% saturated picric acid in 0.1 M phosphate buffer. Slices were resectioned into 70 m thin sections. Immunoreactivity for CCK was revealed with a mouse monoclonal antibody [mAB 9303, diluted 1:1000 in Tris-buffered saline containing 2% normal goat serum (TBSS); generously provided by the CURE Digestive Disease Research Center, Antibody RIA Core, Los Angeles, CA (NIH Grant DK41301)]; immunoreactivity for PV was tested with a rabbit polyclonal antibody (PV-28, diluted 1:1000 in TBSS; Swant) The reactions were visualized with a goat anti-rabbit IgG conjugated to Alexa Fluor 488 (diluted 1:500 in TBSS; Invitrogen) and a goat anti-mouse IgG conjugated to Alexa Fluor 594 (diluted 1:500 in TBSS) and streptavidin conjugated to Alexa Fluor 350 for biocytin (diluted 1:500 in TBSS). The sections were then mounted in Vectashield (Vector Laboratories) and analyzed with a fluorescence microscope. To reveal the presynaptic axonal arborization and dendritic arbors in detail, the biocytin-filled cells were subsequently visualized with 3,3Ј-diaminobenzidine tetrahydrochloride (0.015%) using standard ABC kit (Vector Laboratories) and reconstructed with the aid of a Neurolucida 3D reconstruction system (MicroBrightField).
Glutamate uncaging. Twenty milliliters of 200 M MNI-caged-Lglutamate (Tocris Biosciences) were reperfused at 2.5-3.0 ml/min. Uncaging was done using a UV-pulsed laser (Rapp Optoelektronik) attached with a 200 m optical fiber coupled into the epifluorescence port of the microscope with an OSI-BX adapter (Rapp Optoelektronik) and focused on the specimen by the objective lens. This yielded an illu- minated circle of 20 -50 m. The duration of the laser flash was 5 ms. The laser power under the objective corresponding to the stimulus intensity levels used was monitored using a photo diode array-based photodetector (PDA-K-60; Rapp Optoelectronics) and did not change over time. Glutamate was uncaged over the cell soma in the presence of the GABA A receptor antagonist gabazine (1 M) and 100 nM NBQX. For the experiments in which both somatic and synaptic currents were recorded, EPSCs were evoked with a stimulation electrode in stratum radiatum, thus evoking a synaptic response, and, after 500 ms, a laser pulse was flashed to uncage MNI-glutamate, evoking a somatic current.
For the determination of the input specificity of the 5-HT effect, a grid of stimulation points with a raster size of 30 m was defined over areas CA3 and area CA1 of the hippocampus. After finding an input, repetitive uncaging was done at that specific location (for additional detail of the procedure, see Bendels et al., 2008) . EPSCs elicited by photostimulation of single presynaptic neurons were Gaussian filtered and aligned to the peak of the response for subsequent averaging and quantification of the responses before and after application of CP93129.
Results

Serotonin differentially modulates excitatory transmission
We established whole-cell voltage-clamp recordings from pyramidal cells (n ϭ 7), as well as different types of interneurons (n ϭ 86) within area CA1 of the hippocampus and studied the role of 5-HT on glutamatergic transmission onto the different cell types. We found that stimulus-induced EPSCs, elicited by electrical stimulation in stratum radiatum, remained unaltered by 5-HT when recorded from CA1 pyramidal neurons ( Fig.  1 A 1 ,B) . Likewise, in a subset of interneurons (34.9%) located in stratum radiatum of area CA1, stimulus-induced EPSCs were not affected by application of serotonin (see below). In sharp contrast, 5-HT effectively and reversibly inhibited glutamatergic transmission in a second subset of interneurons (65.1%) within the same hippocampal area ( Fig. 1 A 2 ,B) . Very low concentrations of 5-HT already had significant effects on excitatory inputs to these interneurons (Fig. 1C 1 ) . The concentration dependence is shown in Figure 1C 2 (the concentration range was 0.1, 0.3, 1, 3, 10, and 30 M). In some interneurons, 5-HT application was paralleled by a decrease of the input resistance. Unlike the effects on excitatory inputs to interneurons, the decrease in input resistance could be observed reliably only at higher concentrations of 5-HT. We found a significant and reversible decrease in the input resistance at 10 M 5-HT (percentage of control in 10 M 5-HT: 77.3 Ϯ 5.6, n ϭ 12, p Ͻ 0.05, paired t test; percentage of control after wash: 100.9 Ϯ 4.6, n ϭ 12) (data not shown), whereas at concentrations of 0.3 M 5-HT, no significant decrease could be detected ( p ϭ 0.18, paired t test) (data not shown).
These data indicate that 5-HT is able to modulate excitatory inputs to interneurons and that this modulation is specific to a fraction of interneurons.
Differential modulation of basket cell types by serotonin
The observation that only a subset of interneurons responded to 5-HT application suggested a cell-type-specific modulation among different classes of interneurons. In the following set of experiments, we therefore further differentiated interneurons on the basis of their electrical properties, such as input resistance and firing properties, followed by immunohistochemical characterization and morphological reconstruction (Table 1) (n ϭ 41). We found that 5-HT exclusively reduced the EPSC amplitude of CCK-positive interneurons, which had a high input resistance and slow firing frequency during depolarizing current injection (Fig. 2 A 3b ) (n ϭ 11) . Among these serotonin-sensitive cells (26.8%), CCK-positive basket cells represented the biggest frac- Fig. 2 A 1a -A 3a ) (n ϭ 8; 62.8 Ϯ 5.9% of control; p Ͻ 0.05). Another subclass of neurons that were sensitive to 5-HT could be identified as CCK-positive Schaffer-collateral-associated interneurons (Fig. 2 A 1b -A 3b ) (n ϭ 2; 0.45 and 0.41% of control). For one CCK-positive and 5-HT-sensitive interneuron, the morphological reconstruction failed. We also found CCK-positive cells that were not sensitive to 5-HT application (n ϭ 5) (see Discussion), of which four could be identified as basket cells and one could not be classified. In contrast to CCK-positive basket cells, CCK-negative interneurons with regular spike patterns (n ϭ 16; 108.2 Ϯ 7.8% of control; p ϭ 0.31) (data not shown) and, in particular, interneurons with a lower input resistance and fast firing properties were never sensitive to 5-HT (Fig. 2 B 1 -B 3 ) (n ϭ 9; 93.1 Ϯ 4.0% of control; p ϭ 0.15). Morphological reconstruction revealed that seven of nine fast-spiking interneurons could be classified as basket cells. Four were fully reconstructed and characterized as fast-spiking PV-positive basket cells. Unlike 5-HT-sensitive interneurons, the input resistance of fast-spiking interneurons was not affected by 5-HT application (percentage of control in 10 M 5-HT: 90.7 Ϯ 6.3; n ϭ 5; p ϭ 0.22) (data not shown). In summary, all interneurons that were sensitive to 5-HT application were CCK positive (see also Discussion), whereas fast-spiking PV-positive interneurons were never responsive.
tion (
Serotonin mediates reduction of excitation via a presynaptic mechanism
The observed reduction of EPSC amplitudes by 5-HT may be caused by a presynaptic reduction of transmitter release, a postsynaptic effect, or both. To discriminate between these scenarios, we performed the following sets of experiments on 5-HT-responsive cells. A presynaptic decrease in transmitter release probability will result in a reduced postsynaptic response but is also predicted to increase short-term facilitation (Zucker and Regehr, 2002) . Typically, short-term plasticity is tested by synaptic stimulation with two closely timed pulses evoking pairedpulse facilitation or depression. Application of 5-HT led to an increase in the ratio of the second to first response from 1.58 Ϯ 0.19 to 2.17 Ϯ 0.29 (Fig. 3A) (n ϭ 16; p Ͻ 0.05), suggesting a presynaptic locus of serotonin action. A reduction in presynaptic transmitter release is additionally expected to result in a higher incidence of synaptic failures, i.e., presynaptic stimulation without successful synaptic transmission. Indeed, the probability of failures increased from 39.5 Ϯ 8.1% under control conditions to 63.3 Ϯ 7.1% in the presence of 5-HT (Fig. 3B ) (n ϭ 6; p Ͻ 0.05). Based on the analysis of the coefficient of variation (CV), a presynaptic locus of action is most likely as well, because the ratio CV change of the mean response during application of 5-HT (n ϭ 26) (Fig. 3C) . Although the analysis of the coefficient of variation is commonly used to differentiate between presynaptic and postsynaptic mechanisms, this method is limited when using multiafferent stimulation (Faber and Korn, 1991) . We therefore performed an additional set of experiments, in which we made use of the minimal stimulation technique and gained similar results (Fig. 3C, filled circles) . To provide additional evidence for a presynaptic locus of action, we photolytically activated caged glutamate with a UV-laser flash. Figure 3D shows experiments in which stimulus-evoked EPSCs and glutamate-evoked currents were measured in an alternating manner. Note that, although stimulus-evoked EPSCs were clearly reduced by 5-HT, no such effect was found on glutamate-evoked currents. In summary, cumulative evidence indicates that serotonin decreases glutamatergic transmission through presynaptically localized 5-HT receptors.
5-HT 1B receptors mediate reduction in glutamatergic transmission
To identify the subtype of 5-HT receptor mediating the depression of glutamatergic transmission, we tested various specific receptor agonists and antagonists. 5-HT 1A receptors are highly expressed in the hippocampus and mediate several effects of serotonin on intrinsic properties and synaptic potentials/currents of CA1 pyramidal neurons (Andrade and Nicoll, 1987; Colino and Halliwell, 1987; Schmitz et al., 1995) . 8-OH-DPAT, a potent agonist at 5-HT 1A/7 receptors, however, did not mimic the presynaptic effects of serotonin on interneuron EPSCs. Importantly, within the very same cells, i.e., those treated with 8-OH-DPAT, serotonin clearly depressed glutamatergic transmission (Fig.  4 A 1 ,A 2 ) . Another subtype expressed in the hippocampal formation is the 5-HT 1B receptor, which has been shown to mediate effects of serotonin on synaptic potentials within area CA1 and the subiculum (Boeijinga and Boddeke, 1996; Mlinar et al., 2003) . Indeed, we found that the 5-HT 1B receptor agonist CP93129 mimicked the effect of serotonin (Fig. 4 B 1 ,B 2 ), yet, in contrast to high serotonin concentrations, CP93129 had no effect on the input resistance of the recorded interneurons (mean value in control, 251.2 Ϯ 44.5 M⍀ vs mean value in 0.5 M CP93129, 244.9 Ϯ 38.1 M⍀; n ϭ 4; p ϭ 0.75, paired t test) (data not shown). Moreover, GR127935, a potent and specific 5-HT 1B receptor antagonist, blocked the effect of serotonin on interneuron EPSCs after subsequent 5-HT coapplication (Fig. 4C 1 ,C 2 ). In line with this finding, paired-pulse changes observed after the application of 5-HT were also blocked by the 5-HT 1B receptor antagonist GR127935 (paired-pulse ratio in GR127935, 1.35 Ϯ 0.21; in GR127935 and 5-HT, 1.44 Ϯ 0.27; n ϭ 5; p ϭ 0.39, paired t test) (data not shown). We conclude that the activation of 5-HT 1B receptors is most likely responsible for the effects of serotonin on glutamatergic transmission onto interneurons.
Fenfluramine mimics the effect of bath-applied 5-HT
Fenfluramine is thought to provoke the release of serotonin by disrupting the vesicular storage of 5-HT and consecutively reversing the serotonin transporter (Schmitz et al., 1999) . Therefore, we tested whether the effect of serotonin on EPSCs could be mimicked by fenfluramine-induced physiological release of 5-HT from synaptic terminals. Having confirmed that the recorded interneuron was sensitive to 5-HT, subsequent application of 200 M fenfluramine reliably mimicked the effect of 5-HT (Fig. 5A 1 ,D) . In contrast, excitatory inputs onto CA1 pyramidal neurons (Fig. 5A 2 ,D) as well as excitatory inputs onto fast-spiking interneurons were not affected (Fig. 5A 3 ,D) (n ϭ 5, 4 of which were basket cells, of which 2 were PV-positive, 1 could not be reconstructed). Corresponding to the changes in the paired-pulse ratio after bath application of 5-HT, fenfluramine increased the paired-pulse ratio from 1.10 Ϯ 0.10 to 2.41 Ϯ 0.77 (normalized EPSC amplitudes after washout of 5-HT; n ϭ 4) (Fig. 5B) . Furthermore, the specific 5-HT 1B receptor antagonist GR127935 blocked the effect of endogenously released 5-HT on interneuron EPSCs as well. After verifying that the recorded interneuron was sensitive to 5-HT (n ϭ 5; percentage of control in 10 M 5-HT, 61.8 Ϯ 4.8; p Ͻ 0.05) (data not shown), application of fenfluramine did not affect EPSC amplitudes significantly during coapplication of GR127935 (Fig. 5C,D) (n ϭ 5; percentage of control in 200 M fenfluramine, 87.5 Ϯ 9.4; p ϭ 0.24, paired t test). These data indicate that endogenous release of 5-HT as well is able to modulate excitatory inputs onto interneurons in a celltype-specific manner. A 1 , B 1 ) . A 2 , B 2 , C 2 , Top, Example traces of EPSCs evoked by local uncaging of glutamate in area CA3 (A 2 ) and area CA1 (B 2 , C 2 ) before and in 0.5 M CP93129 of the characterized cells. Bottom, Time courses of EPSCs in the same cells. Summary of the time course of normalized and binned (1 min) EPSC amplitudes for CCK-positive interneurons (n ϭ 6) evoked by local uncaging in CA3 (A 3 ), for CCK-positive interneurons (B 3 ; n ϭ 9), and fast-spiking interneurons (n ϭ 3) evoked by local uncaging in CA1 (C 3 ). s.o., Stratum oriens; s.p., stratum pyramidale; s.r., stratum radiatum.
Input-specific modulation by 5-HT 1B receptors
In situ hybridization revealed that, in the cortex, the highest expression levels of 5-HT 1B receptor mRNA can be detected in the pyramidal cell layer of area CA1 of the hippocampus, whereas there is no detectable expression in CA3 pyramidal cells and dentate gyrus granule cells (Voigt et al., 1991; Svenningsson et al., 2006) . This prompted us to test the hypotheses that, first, serotonergic modulation by 5-HT 1B receptor signaling is restricted to glutamatergic transmission and, second, that this modulation of glutamatergic transmission is input specific.
According to the pattern of 5-HT 1B receptor mRNA expression, 5-HT had no effect on stimulus-induced monosynaptic IPSCs onto CCK-positive interneurons. (Fig. 6 A 3 ) (n ϭ 6; percentage of control in 1 M CP93129, 92.0 Ϯ 7.1; p ϭ 0.38, paired t test). To probe the input specificity, we aimed to differentiate between CA3 and CA1 inputs onto interneurons by focal release of caged glutamate with a UV-laser flash, in the pyramidal cell layer of either area CA3 or area CA1 of the hippocampus. Because 5-HT is known to modulate the intrinsic properties of hippocampal pyramidal cells via 5-HT 1A receptors (Andrade and Nicoll, 1987; Colino and Halliwell, 1987) and 5-HT 4 receptors (Torres et al., 1995 (Torres et al., , 1996 , we made use of the 5-HT 1B receptor agonist CP93129 instead of 5-HT to ensure that the intrinsic properties of the stimulated pyramidal cells remained unaffected. We observed that CP93129 had no effect on EPSCs onto CCK-positive interneurons, if the excitatory input originated from a CA3 pyramidal cell (mean inhibition, 5.3 Ϯ 8.7%; p ϭ 0.79, paired t test; n ϭ 6, including 2 basket cells and 2 Schaffer-collateralassociated cells and 2 cells that could not be reconstructed) (Fig. 7A 1 -A 3 ) . If, in contrast, the excitatory input derived from CA1 pyramidal cells, then the EPSCs were depressed (mean inhibition, 35.6 Ϯ 5.9%; p Ͻ 0.05, paired t test; n ϭ 9, including 4 basket cells, 3 Schaffer-collateralassociated cells, and 2 cells that could not be reconstructed) (Fig.  7B 1 -B 3 ). Additionally, we tested whether fast-spiking basket cells were sensitive to the 5-HT 1B receptor agonist CP93129 when the excitatory input arose from CA1 pyramidal cell firing. Again, we did not detect a decrease in EPSC amplitude of fast-spiking basket cells (mean inhibition, Ϫ2.5 Ϯ 11.5%; p ϭ 0.85, paired t test; n ϭ 3) (Fig.  7C 1 -C 3 ) .
Serotonin reduces feedback inhibition in area CA1 of the hippocampus
To assess the functional role of the observed reduction of EPSC amplitudes in CCK-positive interneurons by 5-HT, we asked whether 5-HT is able to reduce inhibition in CA1 pyramidal cells. We recorded EPSC-IPSC sequences in CA1 pyramidal cells, elicited by electrical stimulation in the alveus, in which activation of CA1 pyramidal cell axons is most likely. Indeed, a significant reduction of the IPSC component to 70.9 Ϯ 3% after application of 10 M 5-HT (Fig. 8 A) could be observed, whereas the EPSC component was not significantly altered (data not shown). The reduction of the IPSC component might result from a direct activation of 5-HT 1B receptors on inhibitory synapses. To rule out this scenario, we measured monosynaptic IPSCs in CA1 pyramidal cells, elicited by electrical stimulation in stratum radiatum (in the presence of NBQX and D-AP-5). However, we could not detect any effect of the 5-HT 1B receptor agonist CP93129 on stimulus-induced IPSCs (Fig. 8 B) . Because disynaptic inhibition is reduced in CA1 pyramidal cells during alveus stimulation, we hypothesized that activation of presynaptic 5-HT 1B receptors is sufficient to reduce spike probability in serotonin-sensitive interneurons. To address this, we recorded from serotonin-sensitive interneurons, stimulated in the alveus, and set the stimulation at an intensity generating a spike in ϳ60% of the stimuli in the recorded interneuron. After application of the 5-HT 1B receptor agonist CP93129, the spike probability was decreased to zero in all of the recorded interneurons (Fig. 8C 1 -C 3 ) (n ϭ 5; spike probability, 57.0 Ϯ 0.09% under control vs 0% in CP93129; p Ͻ 0.05; four interneurons could be characterized and reconstructed as regular spiking basket cells, of which three were CCK positive, and one reconstruction failed). In agreement with this finding, the comparison of EPSPs without spikes in control and in CP93129 revealed a significant reduction in EPSP amplitude after drug application of CP93129 (Fig. 8C 1 , inset) (n ϭ 5; EPSP amplitude in CP93129, 66.6 Ϯ 7% of control; p Ͻ 0.05) (data not shown).
Serotonin broadens the integration time window for spike timing CCK-positive basket cells preferentially participate in feedback inhibition as a result of their ability to integrate independent inputs over a broad time window (Glickfeld and Scanziani, 2006) . Because the probability of spike generation in serotonin-sensitive interneurons is dramatically reduced and consequently feedback inhibition is substantially affected by 5-HT and by the 5-HT 1B receptor agonist CP93129, we tested whether serotonin can influence spike timing of CA1 pyramidal cells via modulation of CCK-positive basket cell recruitment.
We stimulated two independent pathways (alveus and Schaffer-collateral pathway) and measured the evoked EPSP-IPSP sequences in a CA1 pyramidal cell in current-clamp mode. To determine the integration time window for spike generation, we set the stimulus intensity of the alveus and the Schaffercollateral pathway at the threshold for spike generation, when the two pathways were stimulated simultaneously. By delaying the Schaffer-collateral stimulation with respect to the alveus stimulation, the probability of generating a spike at different interstimulus intervals was determined. Indeed, we observed a broadening of the integration time window for spike generation in CA1 pyramidal cells by application of the 5-HT 1B receptor agonist CP93129 (Fig. 9) . At 5 and 10 ms interstimulus intervals, CP93129 increased the probability of spike generation from 16 Ϯ 5.1 and 0% (under control conditions) to 70 Ϯ 11.4 and 34 Ϯ 9.8%, respectively, thereby demonstrating an effective expansion of the integration time window by 5-HT 1B receptor activation (Fig. 9C) (n ϭ 5).
Discussion
Here, we describe a new and highly specific form of neuromodulation within the hippocampal area CA1 by serotonin. It has been shown that raphe-hippocampal fibers are innervating and exciting specific GABAergic interneurons in the hippocampus by serotonin via ionotropic 5-HT 3 receptors (McMahon and Kauer, 1997) . In the present study, we show that serotonin efficiently reduces glutamate release from hippocampal CA1 pyramidal cells onto CCK-positive interneurons via presynaptic 5-HT 1B heteroreceptors.
Concentrations as low as 0.3 M had significant effects on glutamatergic transmission, whereas the intrinsic properties of the targeted interneurons remained unaffected at this dosage. Notably, in a slice preparation of the inferior olive, the concentration of endogenously released serotonin, after stimulation of serotonergic brainstem nuclei, was estimated to be ϳ0.5 M (Best and Regehr, 2008) , i.e., a concentration range within which we could only detect significant effects on glutamate release from hippocampal CA1 pyramidal cells. Moreover, endogenously released serotonin induced by the application of fenfluramine was able to mimic the specific effect of exogenously applied serotonin. Our findings suggest that the reduction of glutamatergic transmission is a distinctive mechanism for the regulation of GABAergic action by serotonin, and the present effect of serotonin on glutamatergic excitation opposes that of the direct excitation of CCK-positive interneurons (McMahon and Kauer, 1997; Freund and Katona, 2007; Varga et al., 2009) .
The depression of glutamatergic transmission onto interneurons by serotonin is most likely mediated by a presynaptic mechanism, as supported by several finding. First, 5-HT application led to an increased paired-pulse ratio. Second, analysis of the coefficient of variation applied to multi-afferent and minimal stimulation, as well as an increase of synaptic failures revealed a presynaptic locus of serotonin action. Finally, keeping the amount of released glutamate nominally constant by photolysis of caged glutamate, we could additionally show that 5-HT did not alter glutamate-evoked currents, whereas in the same interneurons, stimulus-evoked EPSCs were reduced in amplitude.
The receptor most likely mediating the presynaptic depression of glutamatergic transmission is of the 5-HT 1B receptor subtype. 5-HT 1B receptors are coupled to inhibitory G-proteins (G i / G o ) and are thought to inhibit calcium channels via the G o subunit G␤␥. They act as autoreceptors or heteroreceptors at serotonergic and non-serotonergic neurons, respectively. In the hippocampus, activation of 5-HT 1B autoreceptors has been reported to inhibit 5-HT release, whereas 5-HT 1B heteroreceptors control acetylcholine release in the septohippocampal pathway and modulate glutamatergic transmission in the subiculum (for review, see Sari, 2004) .
By means of glutamate uncaging and the consecutive focal activation of presynaptic pyramidal neurons, we provide evidence that the modulation of glutamate transmission on CCKpositive interneurons by serotonin is input specific. In agreement with the patterns of 5-HT 1B receptor mRNA expression in the hippocampus (Voigt et al., 1991; Svenningsson et al., 2006) , serotonergic depression of glutamate transmission was restricted to glutamatergic input derived from CA1 pyramidal cells. Furthermore, this set of experiments supports the suggested target cell specificity of serotonin action. Serotonin efficiently and selectively reduced glutamate release onto CCK-positive interneurons, i.e., Schaffer-collateral-associated interneurons and basket cells. Importantly, all CCK-positive interneurons were sensitive to the 5-HT 1B receptor agonist CP93129, when glutamate was uncaged on CA1 pyramidal cell bodies. This suggests that the observation of a few serotonin-insensitive CCK-positive cells (see above) can be attributed to insufficient activation of CA1 fibers by electrical stimulation. In contrast, PV-positive basket cells were never affected by serotonin or CP93129 application, in neither the experiments with electrical stimulation nor the experiments in which glutamate was uncaged on pyramidal cell bodies in area CA1. This finding is intriguing, because CCK-positive interneurons could be contacted specifically by a subclass of 5-HT 1B -expressing CA1 pyramidal cells. Alternatively, within the same axonal plexus of a CA1 pyramidal cell, 5-HT 1B receptor expression could be restricted to terminals impinging onto CCKpositive interneurons. The latter explanation seems to be more likely, because there is no obvious mosaic-like expression of 5-HT 1B receptor mRNA in the hippocampus (Voigt et al., 1991; Svenningsson et al., 2006) . Additionally, there are examples in the literature in which a target-specific specialization of release properties within the same axonal arborization is described (Markram et al., 1998; Reyes et al., 1998 ) (for review, see Pelkey and McBain, 2007) . The difference of serotonergic action between the two major classes of perisomatic inhibitory cells adds an additional argument to the concept that there is a functional dichotomy of perisomatic inhibition in the hippocampus (Freund and Katona, 2007) .
Finally, we could show that the reduction of excitation of this inhibitory circuit is effectively transmitted onto the output elements, i.e., pyramidal cells in the hippocampal circuit. We observed a reduction of inhibition in CA1 pyramidal cells after application of 5-HT during alveus stimulation, implying an effect of serotonin on feedback inhibition. Corroborating this, we demonstrate an effective reduction in spike probability in serotoninsensitive interneurons after the application of the 5-HT 1B receptor agonist CP93129.
The reduction of feedback inhibition has functional implications for the integration time window of CA1 pyramidal cells. It has been shown that the narrow time window for spike generation in CA1 pyramidal cells is most likely provided by perisomatically targeting interneurons rather than by interneurons that impinge on the apical dendrites (Pouille and Scanziani, 2001 ). In line with this, altering the recruitment of perisomatically targeting CCK-positive basket cells during activation of 5-HT 1B receptors enabled CA1 pyramidal cells to integrate independent inputs over broader time windows. Together, this arrangement of serotonergic modulation of specific GABAergic action may constitute an important mechanism for subcortical control of hippocampal output.
